A 46-kDa hemolytic protein, referred to as cystalysin, from Treponema denticola ATCC 35404 was overexpressed in Escherichia coli LC-67. Both the native and recombinant 46-kDa proteins were purified to homogeneity. Both proteins expressed identical biological and functional characteristics. In addition to its biological function of lysing erythrocytes and hemoxidizing the hemoglobin to methemoglobin, cystalysin was also capable of removing the sulfhydryl and amino groups from selected S-containing compounds (e.g., cysteine) producing H 2 S, NH 3 , and pyruvate. This cysteine desulfhydrase resulted in the following Michaelis-Menten kinetics: K m ‫؍‬ 3.6 mM and k cat ‫؍‬ 12 s
There is increasing evidence that the oral treponemes may play a significant role in the microbial ecology associated with the destructive events of periodontal disease (29, 43, 44, 48) . To date, six oral spirochetes have been isolated and grown in pure culture. These are Treponema socranskii, T. pectinovorum, T. vincentii, T. denticola, and the newly described species T. maltophilum (59) and T. medium (52) . Riviere et al. (36, 37) have described large spirochetes termed PROS (pathogenrelated oral spirochetes), which are believed to be similar to Treponema pallidum but which have not been grown in vitro. Simonson and his coworkers (47) (48) (49) and have also documented the importance of the oral treponemes to the progression of periodontal disease. Using a monoclonal antibody specific for T. denticola, these investigators demonstrated a close relationship between the increase of these anaerobic spirochetes in the plaque microbiota and disease severity. These findings support the concept that the oral treponemes are important members of the periodontopathic microbiota. For example, not only is T. denticola a major component of the microbiota of adult periodontitis (43, 44, 49) , it has also been isolated from the subgingival plaque of subjects with acute necrotizing ulcerative gingivitis (23, 24, 36) and with juvenile and HIV-related periodontal diseases (10, 34) . In vitro, T. denticola produces a large number of purported virulence factors, including tissue-degrading enzymes, cytotoxic factors (11, 12, 15, 18, 45) , and at least two types of proteins which interact with selected host cells (14, 56) . This species also produces a variety of proteases (16, 31, 41, 51) which, if functional in the in vivo environment of the host, could contribute significantly to the bone and tissue destruction characteristic of this inflammatory oral disease.
Several reports (3, 8, 33) have described H 2 S formation as an end product of the metabolism of human serum proteins, as well as of cysteine and glutathione, and the molecule has been found at relatively high levels (Ͼ2 mM) in periodontal disease pockets. Since H 2 S is highly toxic for mammalian cells (2, 53) , the enzymes participating in the production of H 2 S in the septic subgingival sulcus might contribute to the initiation and progression of the periodontal diseases (3, 8, 33) . Only a limited number of oral bacterial species have the metabolic capabilities necessary to produce H 2 S and to survive in the presence of high levels of H 2 S (8, 33), with T. denticola being a prominent representative of this physiologic phenotype.
There are no published reports of the enzyme(s) associated with the production of H 2 S by oral bacterial species. Chu and Holt (5) have recently described the isolation of a 46-kDa protein from T. denticola which possessed both hemoxidative and hemolytic activities and which was regulated by the amount of iron in the in vitro growth medium (4, 7) . The gene encoding this protein was cloned, sequenced, and expressed in Escherichia coli (6) . In addition to its ability to hemoxidize and hemolyze erythrocytes (RBCs), the purified 46-kDa protein (cystalysin) from both T. denticola and the E. coli recombinant possessed significant enzymatic activity on related SH-containing compounds. These substrates included cysteine, reduced glutathione, cystine, and cystathionine. The amino acid sequence deduced by DNA sequencing of cystalysin exhibited significant identity to a family of aminotransferases (6, 26) with either aspartate aminotransferase (25, 50) or ␤C-S lyase activities (42, 60) . Therefore, this study describes the enzymatic activity of the 46-kDa cystalysin as that of a cysteine desulfhydrase and postulates a mechanism by which this protein could function in vivo as a virulence factor.
MATERIALS AND METHODS
Bacterial strains and growth conditions. T. denticola ATCC 35404 (TD-4) was grown anaerobically for 48 h in GM-1 medium supplemented with 18 mM cysteine (55) . Cells were inoculated into 200 ml of this cysteine-supplemented medium and incubated anaerobically in a Coy anaerobic chamber for approximately 2 days until the optical density at 660 nm reached approximately 0.32. Since our previous observations (4) revealed that iron starvation resulted in an upregulation of cystalysin, we incorporated 200 M (final concentration) 2,2-bipyridyl into 1 liter of GM-1-cysteine medium and inoculated the medium with the 200 ml of culture. These 1-liter cultures were grown for approximately 48 h at 37°C in the anaerobic chamber.
The E. coli recombinant strain carrying plasmid pLC67 (E. coli LC-67) (6) was used to isolate the recombinant 46-kDa protein (Table 1) . E. coli LC-67 was grown in Luria-Bertani broth as described by Chu et al. (6) . The cells were grown aerobically in the presence of 50 g of ampicillin per ml for approximately 6 h at 37°C. The cells were harvested during exponential growth by centrifugation at 9,000 ϫ g for 10 min.
Pellets of both T. denticola TD-4 and E. coli LC-67 were suspended in 10 mM phosphate-buffered (pH 7.5) normal saline (PBS), washed twice, and resuspended in the same buffer. A proteinase inhibitor cocktail (Sigma Chemicals, St. Louis, Mo.) described by Kennell and Holt (19) was added to the cells, and the suspension was mixed thoroughly and stored frozen at Ϫ20°C until used.
Fractionation and purification of the 46-kDa protein of T. denticola TD-4. The purification of the native cystalysin from T. denticola TD-4 was carried out as described by Chu and Holt (5) . The recombinant 46-kDa protein was purified as described below.
(i) Initial enrichment of the 46-kDa protein. Briefly, frozen E. coli LC-67 was thawed slowly and diluted with PBS buffer to a whole-cell protein concentration of 4.5 mg/ml. The cells were sonicated (Branson Cell Disrupter 200; Sonic Power Co.) for 10 min at maximum output at 4°C. The soluble fraction, debris, and membrane fraction were separated by ultracentrifugation at 150,000 ϫ g for 1 h, and the resulting soluble cell fraction was immediately used for the isolation of cystalysin. The soluble cell fraction was adjusted to a protein concentration of 2 mg/ml with distilled water and made 2.8 M (70% of saturation) with solid (NH 4 ) 2 SO 4 (AS) with mixing for 1 h at 4°C. The precipitate was removed by centrifugation at 20,000 ϫ g for 30 min. Solid AS was added to the supernatant to a final concentration of 3.6 M AS (90% of saturation), the pH of the mixture was adjusted to 7.0, and the mixture was stirred at 4°C for 1 h. The 90% precipitate which formed was separated by centrifugation at 20,000 ϫ g for 30 min, dissolved in 155 ml of 10 mM phosphate buffer (pH 7.5), and dialyzed against the same buffer for 24 h at 4°C. The resulting solution, referred to as the 2.8 to 3.6 M ASF solution, was used for the purification of cystalysin.
(ii) DEAE-Sephacel chromatography. Approximately 15 ml of the 2.8 to 3.6 M ASF (4.5 mg of protein/ml) was applied to a DEAE-Sephacel column (2.5 by 14 cm) (Pharmacia Fine Chemicals, Uppsala, Sweden) and equilibrated with 10 mM phosphate buffer (pH 7.5). After being washed with 100 ml of phosphate buffer at an elution rate of 50 ml/h, protein fractions were eluted from the column with a 400-ml NaCl gradient (0 to 0.4 M). All procedures were carried out at 4°C. The fractions were collected and assayed for protein concentration and hemoxidative (HeO), hemolytic (HeA), and H 2 S activities (see below). Fractions with high levels of activity were pooled, dialyzed (see above), and concentrated (see below; these are referred to as DEAEF).
(iii) Preparative electrophoresis. The cystalysin was purified from the DEAEF by preparative electrophoresis (Bio-Rad model 491 Prep Cell). The acrylamide concentration in the resolving gel was 7.5% (6.5-cm height) and in the stacking gel was 4% (1.5-cm height). The discontinuous electrophoresis Laemmli buffer system (21) was used. Neither sodium dodecyl sulfate (SDS) nor ␤-mercaptoethanol was used in the preparative procedures (5) . The DEAEF (5 mg of protein/ml) was mixed with an equal volume of loading buffer and loaded onto the top of the stacking gel column. After equilibration, a constant current of 22 mA was applied for 6 h, and the fractions were collected at an elution rate of 50 ml/h. Protein, HeA, HeO, and H 2 S activities were determined for each fraction. Based on the enzyme activity, the fractions containing Ն15 g of protein/ml were concentrated by speed vacuum concentration (SpeedVac concentrator [SC 100]; Savant Co.), combined, and dialyzed against the same buffer. Protein concentration was determined by the Bio-Rad protein assay (28) . The preparative electrophoresis was repeated a second time on the positive fractions for recovery of the purified recombinant 46-kDa protein.
SDS-PAGE. The discontinuous gel system of Laemmli (21) was used for SDS-polyacrylamide gel electrophoresis (PAGE) analysis. The resolving gel contained 7.5% acrylamide in 0.125 M Tris-glycine (pH 8.8), and the stacking gel consisted of 4% acrylamide in 0.125 M Tris (pH 6.8). Gels were stained with 0.025% Coomassie brilliant blue R-250.
Antibody production and Western blotting (immunoblotting). Antibody against the purified recombinant cystalysin was produced in New Zealand White rabbits (200 g of purified protein mixed with Freund's incomplete adjuvant per injection) as we have described previously (7) . Western immunoblotting was carried out as described previously (56) .
Amino acid composition and analysis. The purified 46-kDa cystalysin from either T. denticola TD-4 or E. coli LC-67 (40 g) was electrophoresed through SDS-7.5% polyacrylamide gels (see above). The purified protein band was transferred to Immobilon P membranes (Millipore) (56) . The transferred protein was visualized with Coomassie brilliant blue, excised from the membrane, and subjected to amino acid analysis with a System 7300 amino acid analyzer (Beckman Co.); the sample consisted of approximately 20 g of the protein hydrolyzed in 6 N HCl with 2% phenol under vacuum at 155°C for 1 h.
Enzyme and end product analysis. Cysteine desulfhydrase activity was assayed with the following reaction mixture: 10 mM PBS (pH 7.5) in a final volume of 1 ml containing 1 or 4 g of purified protein per ml and a 0.5 or 2 mM concentration of the substrates to be analyzed. The reaction was started by the addition of the substrate, and the mixture was incubated at 37°C for 1 h. The end products of ␣C-N and ␤C-S lyase activities (i.e., H 2 S, NH 3 , pyruvate, homocysteine, and cysteamine) were determined by chemical assays, high-performance liquid chromatography, or gas chromatography-mass spectrometry (GC-MS) as described below.
(i) Hydrogen sulfide. Sulfide formation was quantitated as described by Siegel (46) except that the reaction mixture was prepared in a 1-ml volume in a 1.5-ml microcentrifuge tube sealed with a Parafilm-wrapped cap. Samples were incubated for 2 h at 37°C. Sulfide formation was determined by adding 0.1 ml of 0.02 M N,N-dimethyl-p-phenylenediamine sulfate in 7.2 N HCl and 0.1 ml of 0.3 M FeCl 3 in 1.2 N HCl to the reaction tubes. The absorbance at 650 nm was determined after color development for 20 min at 20°C. Any precipitate which formed was removed by centrifugation at 12,000 rpm at room temperature for 10 min. Sulfide concentration was determined from a Na 2 S standard curve.
(ii) Pyruvic acid analysis. Pyruvate formation was analyzed by the method described by Zheng et al. (61) with a slight modification. The reaction mixture consisted of cystalysin and the substrate (i.e., cysteine) to be studied. The mixture was incubated for 15 min at 37°C, the resulting supernatants were loaded onto an Amicon Centricon filter (10-kDa cutoff), and the products were separated by ultrafiltration. Two 0.25-ml aliquots of the ultrafiltrates were mixed with 0.25 ml each of 1.5 M Tris-HCl (pH 7.5), 0.58 mM NADH, and distilled H 2 O. Twenty units of lactate dehydrogenase (20 l) was added, and the oxidation of NADH was recorded on a DU-65 spectrophotometer (Beckman Co.) as the decrease in absorbance at 340 nm compared to a pyruvic acid standard curve.
(iii) Ammonia. NH 3 as an end product of the action of cystalysin on selected substrates was assayed by a modification of the method of Bauer et al. (1) . Reagent I, 1% (vol/vol) phenol and 0.05% (wt/vol) sodium nitroprussic acid (final concentration) and reagent II, 0.5% (wt/vol) NaOH, 16% (wt/vol) Na 2 HPO 4 ⅐ H 2 O, and 0.49% (wt/vol) sodium hypochloride (final concentration), were dissolved in distilled H 2 O. A 0.2-ml sample of the ultrafiltration product (see pyruvic acid analysis above) was used. This volume was added to a 10-ml glass test tube, and 1 ml of reagents I and II were added and thoroughly mixed. After the tubes were sealed with Parafilm, they were incubated for 30 min in a 37°C water bath, and the absorbance at 620 nm was measured spectrophotometrically. The NH 3 concentration was calculated from a standard ammonium sulfate curve.
(iv) ␣C-N and ␤C-S lyase. ␣C-N and ␤C-S lyase activities were measured on the basis of the formation of homocysteine and cysteamine as end products of incubating 8 g of cystalysin per ml with a 1 mM concentration of each substrate. The reaction mixture was incubated at 37°C for 2 h. Cystathionine and AEC (S-aminoethyl-L-cysteine) were used as substrates, and the formation of homocysteine and cysteamine was determined by GC-MS analysis (61) . Each mixture was subjected to Centricon (10-kDa cutoff) ultrafiltration, and the end product analysis was determined with the Ͻ10-kDa fraction. Pure homocysteine and cysteamine were used as controls.
(v) Other suspected end products. The procedure described by Weinberg and Holt (56) was used for the analysis and identification of amino acid end products. Identification of the end products was made with a Beckman System 7300 amino acid analyzer by comparison with known amino acid standards (Sigma Chemicals). Enzyme kinetics. For the determination of K m , V max , and the rate of catalysis, k cat , cystalysin was dialyzed into 60 mM potassium phosphate-0.1 mM EDTA, pH 7.4. Kinetics were assessed at room temperature in 11 mM potassium phosphate-170 mM NaCl-0.1 mM EDTA, pH 7.4. Any effects of H 2 S on chromophore formation were obviated by increasing the ferric chloride concentration from 0.03 to 0.4 M. This increased the cysteine concentration that half-inhibited methylene blue formation from 3 to 12 mM. In addition, all samples were adjusted to a cysteine concentration of 4 mM immediately prior to color development, either by addition of cysteine or by dilution of the sample.
K m and V max were determined by plotting the net absorbance at 650 nm versus cysteine concentration. k cat was determined by adjusting for 15% inhibition by the 4 mM cysteine, and the enzyme concentration was estimated from the absorbance at 280 nm, with an extinction coefficient of 72 mM Ϫ1 cm Ϫ1 . HeO assay. HeO activity was determined with sheep RBCs as described by Leahy and Smith (22) , as modified by Chu and Holt (5) . Briefly, 0.5 ml of 2% (vol/vol) sheep RBCs (1% final concentration) which had been washed twice to remove soluble hemoglobin was suspended in 0.5 ml of hemolysin solution that had been diluted twofold with 10 mM PBS (pH 7.5) containing 0.5 mM cysteine. The mixture was incubated at 37°C with slow rotation (90 rpm) for 2 h. HeO activity was determined on the basis of 1 HeO unit being equal to 20% methemoglobin (or sulfhemoglobin) formation from the RBCs.
HeA assay. HeA activity was determined as described by Chu and Holt (5). The HeO activity protocol (as described above) was followed, except that the reaction mixture was incubated for 4 h at 37°C and for an additional 16 h at 4°C. Hemoglobin (or its oxidized form) released from the RBCs was determined from the optical density at 405 nm. The highest dilution producing 50% hemolysis was considered 1 hemolytic unit.
Effect of selected compounds and treatments on the cysteine desulfhydrase, HeO, and HeA activities of the 46-kDa cystalysin. A variety of chemical reagents were evaluated for their effects on the H 2 S-forming activity of the protein. The chemicals (Sigma) were incubated with 1 g of cystalysin per ml in PBS buffer at 37°C for 30 min and then mixed with 0.5 mM cysteine for another hour under the same conditions. The effects of pH and temperature on enzyme activity and end product formation were determined at pHs between 5 to 10 and at temperatures between 0 to 100°C. The production of H 2 S from the mixtures was determined as described above. For the analysis of the effects of pronase and proteinase K treatment of cystalysin on end product formation and HeO and HeA activities, 4 g of cystalysin per 20 l in PBS buffer was incubated with 0.2 or 2 g of proteinase K or pronase (10 or 100 g/ml final concentration) at 37°C for 30 min. The reaction products were then loaded onto a 12% acrylamide gel for SDS-PAGE analysis or diluted to a 1-g/ml protein concentration and mixed with 0.5 mM cysteine and 1% RBCs for the determination of HeO and HeA activities.
RESULTS
Purification and characterization of cystalysin from T. denticola and E. coli recombinant LC-67. All positive E. coli recombinants overexpressing the protein (6) possessed H 2 Sforming activity (Table 1 ) and one of them (LC-67) was used in the purification. Cystalysin was purified from both T. denticola TD-4 and LC-67. As seen in Table 2 , approximately 64% of the enzyme activity (measured as H 2 S release) was recovered in the 2.8 to 3.6 M AS fraction when E. coli LC-67 was used. DEAE-Sephacel and preparative PAGE resulted in an approximately 27-fold purification of the protein with a yield of 42% of the total enzyme activity. Concomitant SDS-PAGE analysis of the various purification steps is shown in Fig. 1 . The soluble fraction from whole cells (lane 2) contained a complex polypeptide banding pattern with molecular masses ranging from 1.2 to 200 kDa. AS fractionation was extremely effective (Fig. 1, lane 3) , and DEAE fractionation resulted in the separation of the cystalysin as an almost homogeneous polypeptide (Fig. 1, lane 4) . Identical to the purification of the 46-kDa protein from T. denticola TD-4, preparative electrophoresis of E. coli LC-67 (Fig. 1, lane 5 ) resulted in the purification of a polypeptide which migrated at a rate identical to that of the native protein (compare Fig. 1 , lane 5 with lane 6, the latter prepared from T. denticola).
Biologically and functionally, the E. coli LC-67 recombinant protein was identical to the purified T. denticola cystalysin ( Table 3 ). The recombinant protein had a molecular weight, an NЈ-terminal amino acid sequence, an antigenicity, and an amino acid composition identical to those of the native T. denticola protein. The proteins exhibited identical HeO, HeA, and H 2 S-forming activities. Since approximately 12 mg of purified protein was obtained from 2 liters of E. coli LC-67 and only 300 g of purified protein was obtained from 11 liters of T. denticola, we elected to use the recombinant E. coli strain for further characterization of the cystalysin. In some experiments, however, we compared the cystalysin with the recombinant protein.
Characteristics of HeA and HeO activities of the purified recombinant cystalysin. Exposure of RBCs to purified cystalysin resulted in a slow but consistent hemoxidation and hemolysis of the RBCs (Fig. 2) . The activities observed occurred in a dose-dependent fashion, with HeO activity always preceding HeA activity by at least 12 h. A concentration of 4 g of cystalysin/ml, the lowest concentration of the protein tested, resulted in the formation of 1 HeO unit and 30% RBC lysis. Fifty percent RBC lysis occurred only at a concentration of 16 g of cystalysin/ml. However, in the presence of cysteine (0.6 mM) (Fig. 3) , there was a 30-to 60-fold increase in HeO and 1 . SDS-PAGE analysis of the purification of the T. denticola 46-kDa cystalysin from E. coli recombinant strain LC-67. Lanes: 1, standard-molecularweight proteins; 2, E. coli recombinant LC-67 (soluble fraction); 3, 2.8 to 3.6 M ASF proteins; 4, DEAEF proteins; 5, final purified recombinant 46-kDa protein from E. coli LC-67 after preparative electrophoresis; 6, purified 46-kDa cystalysin from T. denticola TD-4 (arrow). One hundred micrograms of protein was loaded onto lane 2; 10 g was loaded onto each of the other lanes.
HeA activities which occurred at least 10 to 20 times faster than those seen in the absence of cysteine (Fig. 2) . The HeO and HeA activities of the purified cystalysin appeared to be regulated by various SH-containing compounds (Fig. 3) . Interestingly, ␤-mercaptoethanol (0.5 mM) had a significant enhancing effect on the cysteine (0.6 mM)-dependent HeO and HeA activities of the cystalysin (Fig. 3) . Dithiothreitol (DTT; 0.5 mM), on the other hand, completely inhibited both the HeO and HeA activities of the cystalysin in the presence of cysteine (Fig. 3) . In the absence of cysteine, ␤-mercaptoethanol and DTT had no effect on HeO and HeA activities (data not shown). Homocysteine and methionine also did not function in altering the HeO and HeA activities of cystalysin.
Enzymatic characteristics of the cystalysin. In addition to exhibiting HeO and HeA functions, cystalysin also exhibited 3 . Effect of DTT and ␤-mercaptoethanol (2-ME) on HeO and HeA activities of the cystalysin. s, values for 2 g of cystalysin/ml in the presence of 0.6 mM cysteine and 1% (vol/vol) RBCs. 2-ME or DTT (both 0.5 mM) was added to the identical assay mixtures. Experiments were repeated at least two times, and the maximum standard deviations were Ͻ10% of the means. enzymatic activities associated with cysteine desulfhydrases. As seen in Table 4 , incubation of cystalysin with cysteine or cystine resulted in the formation of three end products: H 2 S, NH 3 , and pyruvate. Quantitative analysis revealed these end products to be formed in approximately equal ratios of 1:1:1. Homocysteine, methionine, oxidized glutathione, ␤-mercaptoethanol, and DTT, as well as alanine and serine, were not substrates for cystalysin under the experimental conditions tested (Table 4) . Incubation of cystalysin with reduced glutathione resulted in the formation of small amounts of H 2 S, while similar incubation with cystathionine and AEC produced no detectable H 2 S. However, ammonia and pyruvate were also the end products of cystathionine and AEC. A GC-MS analysis of the cystathionine and AEC interactions with cystalysin revealed that homocysteine and cysteamine were major end products, respectively (Table 4) . Of all the SH-containing substrates, cysteine produced the largest amounts of NH 3 , H 2 S, and pyruvate and is considered to be a primary substrate for this enzyme. K m and V max were determined for cystalysin activity with cysteine as a substrate. The K m for the reaction was 3.6 mM. The rate of catalysis, k cat , was calculated from the ratio of V max to the concentration of cystalysin. k cat was 12 s
Ϫ1
. We conclude from this rate of catalysis that cystalysin was very reactive in the conversion of cysteine to its end products. The effect of pH and temperature on enzyme activity was also tested (Fig. 4) . For pH analysis, cystalysin was suspended in 10 mM Tris-buffered normal saline at pH values from 4.5 to 9.5 (Fig. 4A) . Maximum H 2 S production occurred between pH 7.8 and 8.0. The enzyme was also sensitive to heat (Fig. 4B) , with temperatures Ͼ50°C significantly decreasing enzymatic activity and 70°C for 30 min completely inactivating the enzyme.
The effects of pronase and proteinase K on the integrity and activity of cystalysin were also studied. Interestingly, while pronase and proteinase K degrade a large number of different proteins, which results in both the degradation of the protein and the concomitant loss of functional activity, this effect was not observed for cystalysin. Treatment of cystalysin with 10 or 100 g of pronase or proteinase K/ml cleaved the protein to peptides which were not visualized by SDS-PAGE (data not shown) but which still retained HeO and HeA activities (Fig.  5 ) and produced H 2 S. The enzyme activities of the pronase and proteinase K digests appeared to be localized in a Ͻ10-kDa fraction.
Inhibitor and activator studies. The effects of selected chemical and physical agents on the interaction of cystalysin with cysteine have also been determined. Except for ␤-mercaptoethanol and DTT, all of the chemicals, which were selected based upon previously reported effects on proteases and other enzymes (CaCl 2 , MgCl 2 , ZnCl 2 , TLCK, phenylmethylsulfonyl fluoride, and benzamidine), had no effect on enzyme activity. ␤-Mercaptoethanol and DTT caused a substantial increase in H 2 S production compared to cysteine alone: fourand twofold, respectively.
DISCUSSION
In this study, we have isolated, purified, and characterized a 46-kDa protein with HeA activity, which we refer to as cysta- lysin, from both T. denticola TD-4 and E. coli recombinant LC-67. The proteins from both sources were identical in their biochemical and functional characteristics. Our initial studies of T. denticola hemoxidation and hemolysis had postulated that the cell-associated protein interacts with RBCs, resulting in the oxidation of the hemoglobin iron atom (Fe 2ϩ to Fe 3ϩ ) or the production of methemoglobin. SDS-PAGE and scanning electron microscopy revealed that the T. denticola cystalysin interacts with the RBC membrane (unpublished observation), resulting in the production of irregular holes (4) which appear to be morphologically different from the regular holes in the RBC membrane produced by complement (17, 27) and classical hemolysins (54, 58) . In this study, this 46-kDa T. denticola cystalysin with HeA activity has been demonstrated to have as its preferred substrate compounds with a sulfur atom adjacent to both a ␤-methylene and an ␣-amino group. Cysteine, cystine, and cystathionine are examples of these substrates for the 46-kDa protein, and this leads to our description of it as a cystalysin. Chemical analysis revealed that enzymatic cleavage of cysteine was a dose-dependent function of the protein, with the end products being stochiometric levels of NH 3 , H 2 S, and pyruvate. Classically, these end products of sulfur-containing amino acid degradation result from a cysteine desulfhydrase (EC 4.4.1.1) (13, 20) . Therefore, while studies of the interaction of T. denticola with RBCs has revealed the incorporation of this protein into the RBC membrane, with eventual hemoxidation and hemolysis, cystalysin may have a primary function as a cysteine desulfhydrase providing energy and environmental stimuli for T. denticola growth. Although, these end products (i.e., NH 3 , H 2 S, and pyruvate) might also be involved in the actual RBC destruction, the interaction of high concentrations of H 2 S, NH 3 , and pyruvate with RBCs resulted in negligible HeO and HeA activities (data not shown). Thus, these results indicated that the HeO and HeA activities required the interaction of cystalysin with the RBCs; however, the actual mechanism by which the protein participates in RBC oxidation and lysis is still unclear.
We previously reported (6) that the T. denticola 46-kDa cystalysin also has significant protein sequence homology to the pyridoxal-phosphate-dependent aminotransferase family of proteins (25, 26, 35) . In contrast, there was no sequence similarity to previously reported hemolysins. Homologs include two enzymes which have ␤C-S lyase activity: the MalY protein from E. coli (35) (identity, 29%) and the C-S lyase of Corynebacterium glutamicum (42) (identity, 29%). Similarly, cystalysin from T. denticola TD-4 and the E. coli LC-67 recombinant protein exhibited cysteine desulfhydrase activity (deaminating). As such, amino acids containing a ␤C-S linkage were cleaved at the ␣C-N and ␤C-S linkages, producing pyruvate, NH 3 , and a sulfur-containing molecule as the reaction products. In contrast, cystalysin failed to catalyze a ␥C-S elimination reaction and also failed to react with ␣C-N linkages of amino acids without a ␤C-S linkage (e.g., serine and alanine). Therefore, it is postulated that cystalysin possesses cystathionase (␤C-S lyase) activity, and the proposed chemical reactions of this enzyme with cysteine, cystathionine, and AEC are shown in Fig. 6 .
While the T. denticola TD-4 and recombinant E. coli LC-67 cystalysins function similarly to the MalY protein and C-S lyase of C. glutamicum, they have a molecular weight and an amino acid composition which differ from these other prokaryotic proteins (6, 42, 60) . These chemical differences might reflect functional differences observed between the proteins. For example, the cysteine desulfhydrase activity of the T. denticola cystalysin was not inhibited by TLCK and was resistant to pronase and proteinase K digestion. Interestingly, the similar enzyme activities of E. coli B and C. glutamicum were completely inhibited by TLCK and pronase or proteinase K treatment (data not shown). Functionally, the ␤C-S lyase of C. glutamicum degrades S-containing compounds, presumably to supply nitrogen for bacterial growth (42) . The MalY protein appears to function in methionine biosynthesis for E. coli (35, 60) . Similarly, cystalysin could be functioning in supplying NH 3 and pyruvate from cysteine-containing compounds and iron from RBCs for cell growth and metabolism. Chu and Holt (4a) have observed that both NH 3 and pyruvate significantly increased cell yields and produced a shorter generation time in cultures of T. denticola.
The cystalysin from T. denticola may also play a toxic role in the destruction of other host cells (9) , including other hemopoietic cells, such as lymphocytes, macrophages, and neutrophils (57) . In this study, the T. denticola protein (with HeA activity) cystalysin was shown to be a cysteine desulfhydrase which can function as an iron-regulated metabolic enzyme (4). High concentrations of H 2 S have been reported in deep periodontal pockets (16, 30, 32, 40) , with several members of the periodontal microbiota identified as being capable of producing and surviving in an elevated H 2 S microenvironment (33) . The mechanisms by which these prokaryotes create this environmental niche are poorly documented. The cystalysin from T. denticola yields significant amounts of H 2 S as an end product, concomitant with NH 3 and pyruvate, reflecting an apparently normal metabolic process for the survival of this microorganism in the host. Since H 2 S has demonstrated toxic activities for host cells (2, 53) , the cystalysin may also function as a virulence determinant in the confines of the periodontal environment.
